Uniaxial extensional flow is a canonical flow typically used in rheological characterization to provide complementary information to that obtained by imposing simple shear flow. In spite of the importance of having a full rheological characterization of complex fluids, publications on the rheological characterization of mobile liquids under extensional flow have increased significantly only in the last 20 years. In the case of the rheological characterization of electrorheological fluids, the situation is even more dramatic, as the ERFs have been exclusively determined under simple shear flow, where an electrorheological cell is attached to the rotational rheometer generating an electric field perpendicular to the flow direction and that does not allow for inverting the polarity. The very recent work published by Sadek et al., who developed a new electrorheological cell to be used with the commercial Capillary Breakup Extensional Rheometer (CaBER), allows for the very first time performing electrorheometry under extensional flow. By means of the same experimental setup, this study investigates the influence of the polarity of the imposed electric field on the filament thinning process of a Newtonian and an electrorheological fluid. Results show that a polarity against the gravity results in filament thinning processes that live longer or reach a stable configuration at lower intensities of the applied electric field.
Introduction
More than eighty years ago, W.M. Winslow reported that some suspensions of non-conducting, but electrically active particles dispersed in an electrically insulating fluid exhibit a reversible sudden increase of the viscosity under the application of an external electric field [1, 2] . Still, currently, this phenomenon remains known as the Winslow effect, but it is also known as the electrorheological effect. Electrorheology is, therefore, a branch of rheology dealing with the study and characterization of the rheological properties of electro-responsive materials [3] .
In order to model electrorheological fluids (ERFs) accurately, detect subtle dissimilarities in their composition, and describe or predict the processing conditions that will optimize the fluid flow or characteristics of the final product, a thorough rheological characterization of these materials in both shear and extensional flow conditions is recommended [4] . Among the plethora of techniques to perform a rheological characterization with commercial rheometers [5] , the ERFs have been traditionally studied by means of rotational rheometers, which are devices that impose either a torque or a velocity of rotation and measure the response in terms of angular deformation or torque, respectively. An electrorheological cell imposes the external electric field to the fluid sample, which is perpendicular to the flow field generated in the fluid by the rotational rheometer. It is widely accepted that, after a few milliseconds of the application of an external electric field, the suspended particles form chains along the direction of the electric field [6] [7] [8] . Based on this model, it can be concluded that under shear flow with an electric field perpendicular to the flow direction, the particle chains undergo a shearing force. In an attempt to characterize the effect of a force aligned with the particle chain, ERFs have also been characterized in squeeze flow by means of a rotational rheometry [9] ; however, there are important issues with these kinds of experiments, such as the lack of accuracy in determining the real slip condition, the compliance of the instrument, and the fact that the shear wall effect makes it impossible to analyze the pure extensional behavior of the ERFs [10, 11] . To the best of the authors knowledge, the electrorheological cells designed for rotational rheometers do not allow changing the polarity in the electric field, and therefore, the influence of the polarity in the shear characterization of the ERFs has not been reported yet.
In order to characterize the extensional properties of complex fluids properly, it is recommended to impose a uniaxial extensional flow. Nevertheless, due to technical challenges, there is no special add-on for rotational rheometers allowing the extensional characterization of liquid-like fluids. For the extensional characterization of fairly mobile liquids there are currently two commercial devices available, i.e., FiSER and CaBER, but none of them are equipped with an electrorheological cell allowing the application of an external electric field [12] . Very recently, Sadek et al. [13] developed an add-on, named the Extensional Electrorheological Fixture (ExERF) [13] , that overcomes this limitation for the CaBER device and allows performing Capillary Breakup Extensional Electrorheometry (CaBEER) [14] . This pioneering work allows the characterization of ERFs under the simultaneous application of an electrical field and an extensional flow both aligned with gravity; however, the influence of the polarity of the electric field in the measurements has not been reported yet.
In this study, we focus our attention on the influence of the polarity on the rheological behavior of ERFs and its suspending fluid under shear and extensional flow conditions. It has been found that the polarity of the electric field indeed affects the filament thinning process of both the carrier fluid (olive oil) and the electrorheological fluid. The general idea is that the electric field, when oriented in the opposite direction of gravity, generates Coulombian forces that counterbalance the gravitational force. This conclusion and other results that can be obtained by means of CaBEER with different liquids may have a relevant impact on the study of the stability and dynamics of liquid bridges under the presence of an external electric field, which may open new doors for pioneering works in a broad range of applications, including crystal growth, surface patterning, nano-printing, nano-lithography, aggregation and coalescence of flexible fibers, and capillary induced collapse of elastic structures [15] .
Materials and Methods

Fluids
The working fluids consisted of suspensions of cornstarch (Maizena, Unilever Jerónimo Martins, Lda) in commercial extra virgin olive oil ( Table 1 ) at concentrations of 0 and 30 wt.%. The protocol for the preparation of the samples was the same described by Sadek et al. [13] . Before use, the samples were re-dispersed in an ultrasound bath (Velleman VTUSC3). 
Property Value
Free Fatty Acidity (FFA) (%) ≤0.8 Long Chain Fatty Acids (waxes) (mg/kg) ≤150
Peroxides (mEqO 2 /kg) ≤20
The size and volumetric distribution of the cornstarch particles were determined by means of low angle front light scattering measurements (LS230 Laser Diffraction Particle Size Analyzer, Beckman Coulter Inc., Brea, California, United States). The results are shown in Figure 1b , and two peaks can be observed at 1.3 µm and 14.3 µm. In addition, the bright field microscopy performed on an inverted microscope (DMI 5000M, Leica Microsystems GmbH, Wetzlar, Germany) with a monochromatic CCD camera sensitivity sensor (DFC350 FX, Leica Microsystems GmbH, Wetzlar, Germany) and a 10× objective lens (Leica HCX PL Fluotar L CORR, numerical aperture (NA) = 0.40) confirmed the bimodal particle size distribution of the cornstarch. The surface tension (σ) and the density (ρ) of the working fluids are shown in Table 2 . The density was measured using a 25 mL pycnometer. The surface tension was measured by means of the Sigma 700 force tensiometer (Biolin Scientific, Gothenburg, Sweden), equipped with a Du Noüy ring method with a ring 9.58 mm in diameter and 0.185 mm in thickness. Both experiments were performed at room temperature (20°C). 
Simple Shear Flow
The rheological characterization under simple shear flow was carried out in a stress controlled rotational rheometer (Anton Paar MCR301), which was equipped with an electrorheological device (ERD) and concentric cylinders. The outer cylinder was fixed, while the inner cylinder rotated and imposed a shear stress (τ) at its wall. The rotating cylinder had a radius of R i = 13.33 mm and a length of 39.97 mm, while the radius of the cup was R e = 19.99 mm. The electrorheological cell applied an electric field ( E = ∆V R e −R i e r ) in the radial direction, where ∆V is the applied potential difference. Thus, the electric field and the velocity field were perpendicularly oriented (Figure 2a ). It is worth mentioning that it is not possible to change the polarity in the ERD connected to the rotational rheometer. The temperature within the sample fluid was fixed at 20°C with a Peltier temperature controller.
It is widely accepted that electrorheological fluids exhibit yield stress under the presence of an electric field, and their flow behavior is reasonably well modeled by the Bingham model (Equation (1)):
where η p is the plastic viscosity,γ is the shear rate, and τ yd is the dynamic yield stress. The dynamic yield stress can be measured by extrapolating to zero shear rate the steady-state flow curve obtained with a decreasing ramp in shear stress (1000-0.01 Pa) [16] . The steady-shear flow curves were determined for both fluids at different electric field values (0, 0.5, 0.75, 1, 1.5, 2.25, 3 kV/mm). 
Capillary Breakup Extensional Electrorheometry
Capillary breakup extensional electrorheometry experiments were carried out in a CaBER device (Thermo Fisher Scientific, Waltham, MA, USA) equipped with the Extensional Electrorheological Fixture (ExERF) [13] . The CaBER imposes a step strain extensional deformation (from h 0 to h f ) to a stable liquid bridge, reaching a non-equilibrium state from which the capillary forces trigger the thinning process of the filament until it breaks. From the time evolution of the filament thinning process, it is possible to characterize the extensional behavior of the fluids [17, 18] . The ExERF generates a potential difference between the plates, limited to the maximum voltage generated by a high voltage sequencer (HVS448 3000V, LabSmith, Inc., Livermore, CA, USA). The desired electric field is given by E = ∆V/h 0 , ∆V being the potential difference and h 0 the initial gap, which was set at 2 mm for all the experiments. If the field goes from the upper to the lower plate, it is denoted as direct polarity; on the other hand, if the field goes from the lower to the top plate, it is denoted as inverse polarity (Figure 2b ). The electric fields, which are aligned with the extensional flow, were set at: 0, 0.5, 0.75, 0.9, 1, 1.125, 1.25, and 1.5 kV/mm. The final height of the liquid bridge (h f ) was set to 6 mm for all cases studied. At least three independent runs were performed in order to ensure the reproducibility of the results presented below.
These values provided a Hencky strain value = ln h f h 0 = 1.10. The optimal value of Λ 0 = h 0 d 0 is in the range of 0.5 ≤ Λ 0 ≤ 1, as indicated by the data from Yao and McKinley [19] . In this study, 4 mm diameter plates were used, and Λ 0 was set at 0.5 due to the low value of the surface tension of the working fluids. Finally, the initial stretch profile was linear with a streak time t s = 20 ms, and the temperature control was set to 20°C (Thermo Haake DC10). The initial and final heights were checked regularly with thickness gauges, while the temperature of the fluid was measured before and after the experiments with a thermocouple sensor, which confirmed that the fluid temperature was not increased due to the Joule heating effect occurring during the lifetime of the experiments. As the fluid sample was based on olive oil, which had a conductivity close to 0 µS, the intensity of the current (I) through the liquid bridge was extremely low, resulting in a negligible power of heating (P ∝ R 2 ) generated during the experiments. If the sample were conductive, the Joule heating effect would increase the temperature of the sample during the experiment, resulting in a decrease in the viscosity of the sample with time, which would make it impossible to decouple the effect of the polarity from the effect of the variation in the viscosity. The filament thinning process was recorded exclusively by means of a high-speed video camera (Photron FASTCAM Mini UX100) at 3200 fps (1024 × 1280 square pixel) because for non-cylindrical filaments, the breaking is not fixed in the center of the filament and can be out of laser range [20] [21] [22] . The high speed camera was equipped with a set of optical lenses (Optem Zoom 70 XL) with 2× magnification. A 52 mm Telecentric Backlight Illuminator connected to a metal halide light source (LeicaEL6000) by an optical fiber cable was used to illuminate the liquid bridge with truly collimated light and produce high contrast, silhouetted images. All the components of the experimental setup are indicated in Figure 3 . In the experimental procedure, the fluid was first loaded between the plates, which were separated by the initial height h 0 . Then, the voltage was applied (corresponding to an electric field of E 0 = ∆V/h 0 ), and the CaBER was ordered, without delay, to trigger the step strain deformation. Najafabadi et al. [23] showed that the delay between applying the electric field and triggering the experiment plays an important role in CaBEER results. The difference in density between the particles (ρ = 1600 kg/m 3 ) and the carrier fluid (ρ = 917 kg/m 3 ) can be a problem in the CaBER experiment. From the Stokes equation, the sedimentation time taken by a particle to move from the midpoint of the filament (h 0 /2) to the bottom plate was 275 s. Once the sample was loaded, the field was immediately imposed, the stretch profile was imposed (maximum delay smaller than 5 s), and the thinning process of the filament was recorded. The whole process, from loading the sample until the end of the thinning, lasted less than 10 s. Therefore, the sedimentation time was more than 20 times the duration of the experiment, and the dispersion could be considered stable enough for the characteristic time of the CaBEER experiments, with the possibility of the appearance of a particle gradient in the sample being ruled out before starting the experiment.
Another relevant aspect to consider is the relationship between field strength and the thermal fluctuations of the particles. This ratio was studied by Gast and Zukoski [6] , who defined a dimensionless parameter λ = π 0 c a 3 β 2 E 2 0 2kT , where 0 is the permittivity of free space, a the particle diameter, c the relative dielectric constant of the continuous phase [24] , β = σ p −σ c σ p +2σ c (dc field), σ p and σ c are the electrical conductivities of the particulate and the continuous phases [25] , E 0 the applied electric field strength, k the Boltzmann constant, and T the absolute temperature. Hence, if λ 1, strong electric interactions are identified, while if λ 1, the Brownian motion dominates. For the experimental conditions and the working fluids considered in this study, it could be confirmed that λ 1, which was representative of a structure possessing sizeable yield stress and typical shear viscosity orders of magnitude larger than that of the solvent at low shear rates.
Results and Discussion
Newtonian Fluid
Extra virgin olive oil was the suspending fluid, and it exhibited a Newtonian behavior. It was measured both under shear and extensional flows, with and without the application of the electric field, obtaining different results. Figure 4 shows the steady-state deformation with the stress of the olive oil measured in the rotational rheometer at 20°C with and without the influence of an electric field. It can be observed that all the curves overlapped, which was clear evidence for the presence of the electric field, and its intensity did not affect the rheological behavior of the olive oil under shear flow. As mentioned above, the electrorheological cell in the rotational rheometer did not allow changing the polarity in the electric field, which was perpendicularly oriented to the flow field. In the absence of particles, the electric field had no possibility to build any structure in the olive oil, and the viscosity did not change with E 0 . Figure 5 shows the time evolution of the minimum filament diameter once the fluid bridge reached the final position h f = 6 mm. It can be observed that the presence of the imposed electric field E 0 slightly modified the curve measured without the presence of the electric field. The influence of the polarity imposed on that change could also be appreciated; the filament lived longer when the electric field was pointing upward (inverse polarity), while its breakup time became shorter when the polarity was oriented with the direction of gravity (direct polarity).
Additionally, at h 0 , once the field was applied, a slight vibration of the liquid-air interface (Video S1 in the Supplementary Material) was observed, which was modified. Figure 6a shows that the polarity of the electric field had an effect on the minimum diameter of the liquid bridge. Figure 6b shows the silhouette of the liquid bridges before applying the voltage and after 8.5 s of the application of the voltage. It can be observed that the inverse polarity helped to keep the shape of the filament unchanged (∆D Inv According to González et al. [26] , the electrical currents are very small in a highly insulating liquid bridge, and then, the electrical forces ( F V,e ) participating in the problem would be the following ones:
• Coulombian-type forces (ρ e E), which are due to the presence of the free charge density (ρ e ) that probably comes from the dissociation of impurities or of the liquid itself, apart from the inevitable electrochemical reactions at the metal-electrode/liquid interface. The dynamics of the liquid will be strongly affected by this type of force in a DC electric field. • Dielectrophoretic force ( 1 2 E 2 ∇ ), which results from the inhomogeneity in the electrical permittivity ( ) when the fluid undergoes electrical stress, acts at the air-liquid interface and perpendicularly to it. Therefore, it is not a volume force.
•
Electrostrictive force ( 1 2 ∇ ρ d dρ T E 2 ), which acts both at the interface and on the liquid bulk, is irrelevant to the dynamics of the liquid, and the usual convention neglects its contribution. Thus, the differences in the filament thinning process of the Newtonian fluid due to the polarity can be explained due to the direction of the Coulombian-type force. In the case of the direct polarity, it would have a similar effect as having a higher bond number, and the breakup time of the filament would be shorter; while in the case of the inverse polarity, the Coulombian force would counterbalance the gravity force, and the filament would live longer. Figure 7a shows the viscosity curves of the working fluids measured under steady-shear flow, following the experimental protocol detailed in Section 2.2.1. It is worth highlighting that the curve of the ERF without the influence of the electric field is parallel to the one of the carrying fluid. This result means that the ERF exhibited a Newtonian-like behavior under shear flow without the presence of the electric field, but with a viscosity slightly larger than that of the carrying fluid due to the presence of the suspended particles. Figure 7a also shows that the viscosity of the ERF increased by increasing the intensity of the imposed electrical field. The ERFs can be modeled reasonably well by the Bingham plastic model (Equation (2)), from which the dynamic yield stress value, τ yd , can be obtained by extrapolating the experimental curves untilγ = 0:
Cornstarch/Oil Suspension
Shear Electrorheometry
where τ is the shear stress, η p is the plastic viscosity, andγ is the shear rate. The dependence of the dynamic yield stress with the applied electric field (E 0 ) is given by a power law function (τ yd = A · E B 0 ), whose fitting parameters are shown in Table 3 for the ERF considered in this study. It has been widely accepted in the literature [8, 27] that τ yd ∝ E 2 0 ; however, the electric field exponents B s in our cases were significantly lower due to water content, which is consistent with the results reported in the literature by Davis et al. [28] and Li and Chen [25] . 
Extensional Electrorheometry
Shear electrorheometry measurements allowed confirming that the ERF exhibited a Newtonian-like behavior when no electrical field was applied, but a yield stress behavior under the presence of an electrical field. The ERF showed a potential dependence of the yield stress value with the applied electric field. Once the shear sample was studied, we knew that our fluid had a yield stress behavior under the action of the electric field. The characterization of yield stress fluids under uniaxial extensional flow had been previously reported by [18, 21, 29, 30] . It is well accepted in the literature that the filament will begin the thinning process once the capillary pressure (2σ/D min ) is greater than the dynamic yield stress (τ yd ). Although Bingham's model is not accurate for predicting the temporal variation of the minimum filament diameter [21] , it is able to predict the yielding diameter (Equation (3)) very accurately: [13] :
where σ is the surface tension and τ yd the dynamic yield stress. The yielding diameter is defined as the threshold diameter necessary to cross in order to start the thinning process; thus:
the capillary pressure exceeds the dynamic yield stress, and the filament thinning will be triggered; • if D y < d f , the capillary pressure does not exceed the dynamic yield stress, and the thinning process will not begin, so the filament will not break;
where d f is the filament diameter at the end of the step strain deformation. The results from the extensional electrorheometry of the cornstarch suspension are shown in Figure 8 , where the effect of the intensity of the electric field and its polarity becomes evident. In the absence of the electric field, the minimum diameter of the filament corresponding to the ERF followed a similar evolution to the one of the carrier fluid, as both showed Newtonian behavior. As the intensity of the electric field increased, the internal structure developed by the cornstarch particles helped the filament to counterbalance the capillary pressure, and consequently, the filament lived longer. There was a critical intensity of the electric field (E 0,cr ) beyond which the filament became stable, and it did Not Break (NB), which can be observed by the fact that the diameter of the filament reached a constant value (Figure 8 ). The dynamic yield stress increased with the imposed electric field; therefore, if the capillary force after step strain did not exceed that value of dynamic yield stress, the filament thinning process did not begin, and the liquid bridge remained stable, bridging the h f distance between the two plates. As stated above, if the diameter of the filament at the end of the streak time (d f ) was greater than the yielding diameter (D y ), then the capillary pressure did not exceed the dynamic yield stress, and the thinning process could not start. Table 4 presents the comparison between the diameter at the end of the streak time and the yielding diameter for all cases studied. According to the criteria of d f < D y , the filament should stop breaking for intensities of electric field E 0,cr ≥ 1.125 kV/mm; however, results showed that an inverse polarity helped in the stabilization of the liquid bridge, and less intensity of the electric field was therefore required. Table 6 . However, the experimental results showed that in the case of the direct polarity, E 0,cr was somewhere between 0.75 and 1.125 kV/mm (Figure 8a) , while in the case of the inverse polarity, the critical value was between 0.75 and 1 kV/mm (Figure 8b ). This result is consistent with the one obtained for the Newtonian case, where we could see that in the inverse polarity, the Coulomb-type forces could counterbalance the effect of the gravitational force and provide a longer filament life. Now, in the case of the ERF, the inverse polarity helped to create stable liquid bridges at a lower electric field. Experimentally, it was not possible to extract the exact value of E 0,cr , but a transition zone. This was due to the fact that the used fluid model was not monodisperse in particle size (see Figure 1a ). Table 5 establishes some indicative limits for the transition zone based on the cases studied in this research. Table 5 . Estimated limits of the transition zone: direct and inverse polarity.
Polarity E Limits (kV/mm)
The imposed electric field allowed the cornstarch particles to form chains aligned in the direction of the field, producing a slow down in the thinning process. The greater the number of elements in the chains or the number of chains, due to an increase in the electric field, the greater the viscosity of the fluid and, therefore, the longer the filament break-time (t b ). In Figure 8c , it can be observed that the break-time increased exponentially with respect to the applied electric field (E 0 ). The polarity had almost no effect at low intensities of the electric field (E 0 < 0.5 kV/mm); however, at higher electric field values, the break up time tended to be larger with the inverse polarity (Table 6 ). Figure 9 shows the time evolution of the minimum diameter for the working fluids under different electric fields. It could be observed that below a critical intensity of the electric field, the polarity had no effect on the thinning process of the filament, with the curves overlapping for both the Newtonian and the ERF fluids (Figure 9a ). However, above a critical value of the intensity of the applied electric field (Figure 9b) , the polarity had a clear effect on the time evolution of the minimum diameter for the ERF; for the Newtonian fluids, due to the absence of cornstarch particles, a much larger intensity of the electric field was required to see the influence of the polarity, i.e., Coulomb forces, as shown in Figure 5 . 
Conclusions and Final Remarks
The novel ERD developed by Sadek et al. [13] for the CaBER opened a new door for the characterization of electrorheological properties of the ERFs under extensional flow. This electrorheological cell imposes an electric field aligned in the direction of the flow, which is also aligned with the gravitational force. Therefore, it was relevant to analyze the influence of the polarity in the electric field on the results obtained with this device.
The working fluids of this research work consisted of a Newtonian fluid (extra virgin olive oil) and an electrorheological fluid (concentrated suspension of cornstarch in extra virgin olive oil). Despite that the shear flow measurements revealed no influence of the electric field on the measurements, the results from the CaBEER experiments showed that the electric field had an effect on the thinning process of the olive oil, which depended on the polarity. This discrepancy in the results could be explained based on both the alignment of the electric and flow fields and the presence of Coulombian-type forces that probably came either from the impurities of the olive oil or from the inevitable electrochemical reactions at the metal-electrode/liquid interface, which, in the case of the direct configuration, would help the gravitational force to break the filament in a shorter time than the Newtonian case; in opposition to the inverse case, where the Coulombian forces counterbalanced the gravitational force and allowed the filament of the olive oil to live longer.
In the case of the electrorheological fluid, it was confirmed that having a yield diameter (D y ) smaller than the diameter of the filament at the end of the step strain deformation (d f ) ensured a stable filament that would never break while the electric field was active throughout the fluid sample. However, it was found that there was a transition zone between non-stable and stable filaments. That transition zone was found to be wider for the direct polarity. Additionally, it was found that having an inverse polarity in the experiments helped to generate more stable liquid bridges that would not break even if d f < D y .
New experiments with a better model fluid combined with numerical simulations will be helpful to gain deeper insight into the physics of this problem. We hope that this manuscript motivates and inspires the researchers in the field to further study this topic in the future.
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